Background: Good functional performance with limb symmetry is believed to be important to minimize the risk of injury after a return to pivoting and contact sports after anterior cruciate ligament reconstruction (ACLR).
Anterior cruciate ligament (ACL) injury is a severe and common injury in soccer players, and female individuals have a 2-to 3-fold greater risk of ACL injury compared with male individuals. 43 Return to sports (RTS) is a common goal after an anterior cruciate ligament reconstruction (ACLR) 23 but increases the risk of sustaining an additional ACL injury to the ipsilateral or contralateral knee, especially in the young female population, 34 as well as other knee injuries. 32, 42 RTS should be a patient-tailored process and should be based on fulfillment of specific criteria. 11 Suggested RTS criteria incorporate evaluation of the functional performance of limb strength (power and endurance), knee stability, bilateral limb symmetry, postural control, agility, technique with sportspecific tasks, and patient-reported outcomes. 11, 29 The following components are considered important in rehabilitation after ACLR for successful results: RTS, no giving way, quadriceps and hamstring strength .90% of the uninvolved limb, and high scores (85%-90%) on patient-reported outcomes. 23 These components are also considered to be important for reducing the risk of subsequent injuries and other complications, 11, 29 but no formal guidelines 16 or functional tests 30 to indicate safe RTS currently exist. A battery of tests is recommended for evaluating functional performance, 11, 29, 41 which includes both quantitative and qualitative assessment. 12 Most recommended test batteries evaluate strength and hop performance (quantitative) 30, 31 but not postural control and movement asymmetries such as foot, knee, hip, and trunk movement (qualitative).
Valgus motion, a combination of hip internal rotation, knee valgus, and tibial internal or external rotation, is a common ACL injury mechanism in female individuals. 39 Evaluation of side-to-side differences in knee motion and hip and trunk movement has been suggested to identify female athletes (both uninjured 19 and those with an ACL-reconstructed knee 36 ) at high risk for ACL injury. At the time of RTS 28 and up to 7 years after ACLR, 40 side-toside differences in postural control, 9 altered movement patterns in the knee and hip, and deficits in force development in the vertical jump 10, 28, 40 may persist in athletes who undergo ACLR compared with knee-healthy controls. Thus, it is important to test these functions; however, many of the tests used have been performed in a laboratory setting and may have less clinical applicability. 9, 10, 19, 28, 36, 40 In the present study, we evaluated functional performance in a group of high-risk female soccer players with an ACLreconstructed knee using a battery of tests commonly administered in clinical practice to determine whether these tests could discriminate between players with an ACLreconstructed knee and knee-healthy controls, as well as between the reconstructed and uninvolved limbs.
This study aimed to investigate any side-to-side limb differences in functional performance and movement asymmetries in female soccer players with a primary unilateral ACL-reconstructed knee and to compare these players with knee-healthy controls from the same soccer teams. We hypothesized that players with an ACL-reconstructed knee would have side-to-side differences between the limbs, persistent movement asymmetries, and poorer function compared with controls.
METHODS
This study includes cross-sectional baseline measurements from an ongoing prospective cohort study.
Participants
The study population was identified through the Swedish national ACL register, which captures .90% of all ACLRs in the country, 22 and via advertisement on the websites of 3 regional soccer districts near Linköping University (to facilitate testing). Inclusion criteria were as follows: currently active female soccer players (participating fully in soccer training with the team, any playing level), age 16 to 25 years, and having undergone a primary ACLR between 6 and 36 months previously at any clinic in the 3 regional soccer districts. Exclusion criteria were as follows: having an associated posterior cruciate ligament injury and/or surgically treated injuries to either the medial or lateral collateral ligament of the knee. Data were collected in the soccer preseason (January to April) in 2013 and again in 2014.
We identified 453 patients in the ACL register who met the inclusion criteria, and 70 were included in this study. An additional 7 active players with an ACL-reconstructed knee (who were not in the ACL register) responded to the regional advertisements and were also included, for a total of 77 female players with an ACL-reconstructed knee (Figure 1) . Table 1 presents ACL injury and soccer-related factors for the players with an ACL-reconstructed knee.
Players with an ACL-reconstructed knee were compared with 77 control players (without an ACL injury or an ACL-reconstructed knee and with no other current injuries that kept them away from play), recruited via the 460 players approached; 453 players registered in the Swedish ACL register and 7 players from soccer clubs 274 answered the questionnaires (response rate = 60%)
Excluded
No response, n = 170 No contact information, n = 3 Declined, n = 13
Not currently playing soccer, n = 126 Played soccer only on the occasion they were injured, n = 8 Never played soccer, n = 12 Bilateral ACL injury, n = 20 Rerupture or revision ACLR, n = 15
Currently playing soccer n = 93 Included Female soccer players with an ACLR knee, n = 77
Lost to follow-up Being abroad, n = 1 No response, n = 9 Unavailable for tests, n = 1 New knee injury before testing, n = 5 (contralateral ACL, n = 2; rerupture, n = 1; meniscus injuries, n = 2) Included Knee-healthy controls, n = 77 Figure 1 . 
Anthropometrics
All measurements and tests were supervised by the same experienced test leader (A.F.), who gave standardized verbal instructions. Tests were performed at 13 physical therapy clinics near where the players lived. Data were collected in a single testing session, beginning with height and weight, followed by a general joint laxity assessment using the Beighton method 4 (which grades from 0 to 9, with .4 indicating generalized joint laxity). The intraand interrater reliability of the scale and category scores was good to very good (Spearman r = 0.81-0.86 and 0.75-0.87, respectively). 6 A general clinical knee examination was performed in the control group to exclude obvious injury of the ligaments or meniscus. Knee range of motion (ROM), extension, and flexion were measured in the supine position using a goniometer. Knee stability was evaluated manually with the Lachman and pivot-shift tests. A KT-1000 arthrometer (MEDmetric Corp) was used to assess the amount of anterior translation of the tibia relative to the femur. The maximum manual test (where 1 hand pulls the tibia forward) was used, with a side-to-side difference of 3 mm defined as abnormal. 3, 8 The interrater reliability of the KT-1000 arthrometer was good (intraclass correlation coefficient = 0.79) with experienced raters. 5 To adjust some test scores, leg length (anterior superior iliac spine to the center of the medial malleolus) and tibia length (lateral knee joint line to the center of the lateral malleolus) were measured with a measuring tape with the player in the supine position.
Functional Performance Tests
The players performed a postural control test and 5 hop tests as measures of functional performance ( Figure 2 ). Hop tests reflect various qualities (movement asymmetries, maximum hop, and endurance hop performance) with different demands and are feasible for use in a clinical setting (see the Appendix, available in the online version of this article and at http://ajsm.sagepub.com/supplemental) for a detailed description of the tests.
All players were tested by the same investigator (A.F.), who was not blinded to whether the participant was a player with an ACL-reconstructed knee or a control. Tests were administered according to a test protocol in the same order: (1) 25 and (6) side hop. 15 Indoor sports shoes were used in all tests except the SEBT, where players were barefoot. In the SEBT, players had 3 practice trials and then performed 3 attempts in each direction. The best result of the 3 attempts was used, and the score was normalized to the leg length ([test value/leg length] 3 100). A composite score was calculated for each limb as the average of the 3 normalized measurements in the different directions. After the SEBT, a standardized warm-up program was performed for 5 to 10 minutes with different running exercises typical for soccer, followed by 10 squats, 10 toe rises, and rope skipping for 1 minute. Players with an ACLreconstructed knee started the testing on their uninvolved limb, and controls started with their right limb. 31 Players were allowed a few practice trials before each of the 5 jump tests. They performed 3 maximum trials of the 1-legged hop, 5JT, and DVJ. The best result of the attempts was recorded in meters in the 1-legged hop and 5JT tests. However, if hop lengths increased in all 3 hops in the 1-legged hop test, additional hops were performed until no further increase occurred. We interposed approximately 3 minutes of rest between the different tests. 15 A limb symmetry index (LSI) was calculated ([ACLreconstructed limb/uninvolved limb] 3 100 or [nondominant limb/dominant limb] 3 100) for the controls and used as a variable for the SEBT, 1-legged hop test for distance, and side hop. Knee motion (medial/valgus or lateral/ varus knee displacement) was calculated in meters as the frontal plane displacement of the knee from the initial contact (when the feet just touched the ground) to the end of the deceleration phase (deepest knee flexion position) of the DVJ. The knee flexion ROM was also measured from the initial contact to the end of the deceleration phase of the DVJ. Knee motion and flexion angle, measured with Dartfish ProSuite (Dartfish Ltd) motion analysis software, were used to calculate the knee abduction moment according to a nomogram to predict the probability of a high knee abduction moment (pKAM). 24 These calculations were assessed from the captured video films by a single person, who was blinded to group. The pKAM ranged from 0 to 1, which is comparable with 0% (lowest) to 100% (highest). The nomogram was based on the player's weight, tibia length, knee motion in the frontal plane, knee flexion ROM, and a surrogate value for the hamstring:quadriceps ratio (multiplying the player's mass by 0.01 and adding the resultant value to 1.10). 24, 26, 27 Recommended Guidelines for Successful Outcome
Values in the present study indicating scores outside recommended guidelines were as follows: a difference between limbs in the anterior reach distance 0.04 m and composite score reach distance 94% of limb length on the SEBT, 38 an LSI \90% and .110% on hop tests, 15 and 6 flawed techniques on the tuck jump test. 25 No recommended guidelines regarding cut-offs for the DVJ were available; therefore, we obtained the cut-off value by analyzing the tertile of the highest values based on the total sample (all 154 players) in knee motion and side difference in the frontal plane as well as pKAM measured with the DVJ test.
Statistical Methods
An a priori sample size calculation showed that 73 players in each group had to be included to detect at least a 10% difference in the 1-legged hop for distance (SD, 0.28 m 15 ) at an alpha level of 0.05 and to reach 80% power. All statistical analyses were performed using IBM SPSS Statistics for Windows (version 22.0; IBM Corp). Means 6 SDs or 
ranges/interquartile range (IQRs) were calculated for descriptive statistics. Paired-samples t tests and the Wilcoxon signed-ranks test for normal and nonnormally distributed variables, respectively, were used to compare between-limb differences for players with an ACL-reconstructed knee and controls. Between-group comparisons (demographics, anthropometric factors, functional performance tests, and number of players with side-to-side differences) were performed using the Student t, Mann-Whitney U, chi-square, and Fisher exact tests as appropriate. To study the possible influence of time from reconstruction to follow-up, a subgroup analysis was performed comparing the reconstructed limb versus the uninvolved limb for participants with an ACL reconstruction 18 months (n = 39) or .18 months (n = 38) before follow-up using the paired-samples t test and the Wilcoxon signed-ranks test. Significance was set at P \ .05.
RESULTS
Demographics did not differ between players with an ACLreconstructed knee and controls (Table 2) . Compared with controls, players with an ACL-reconstructed knee had greater side-to-side differences in anterior translation of the tibia in relation to the femur, measured with a KT-1000 arthrometer (P \ .001), and they had a higher proportion of the Lachman test graded as a soft endpoint (P \ .001) and rotational stability graded as a positive pivot shift (P = .029). The median side-to-side difference in the KT-1000 manual maximum test was 2 mm (IQR, 3 mm; range, -3 to 9 mm) in players with an ACL-reconstructed knee and 0 mm (IQR, 1 mm; range, -1 to 3 mm) in controls. Players with an ACL-reconstructed knee had more side-toside differences in both extension and flexion ROM compared with controls (P \ .001). Beighton scores did not differ between groups (P = .955).
Functional Performance Tests
Within-Group Comparisons Between Limbs. The reconstructed and uninvolved limbs of players with an ACLreconstructed knee did not differ in any tests. The subgroup analysis of players who had an ACLR 18 or .18 months before follow-up showed similar results with no between-limb differences in any of the tests (all P .05). The controls had very small (\0.01 m) but statistically significant differences between dominant and nondominant limbs on the SEBT anterior (P = .042), posteromedial (P = .029), and composite (P = .013) scores, with better performance of the nondominant limb.
Between-Group Comparisons. The only between-group differences were seen for the 5JT and DVJ tests (knee motion in the frontal plane and pKAM) ( Table 3) . Players with an ACL-reconstructed knee performed worse than The proportion of players with results classified outside recommended guidelines was 9% to 49% for players with an ACL-reconstructed knee and 10% to 44% for controls and did not differ between groups (all P . .05) ( Figure  3 ). Only 14 players with an ACL-reconstructed knee (18%) and 15 controls (19%) had results that met the recommended guidelines for all 5 tests (P = .837). The highest tertile (n = 51 of 154 players) results for the DVJ test were knee motion and side difference in the frontal plane 0.065 m and 0.041 m, respectively, and pKAM 91%. The proportion of players with an ACL-reconstructed knee versus controls who were in the highest tertile for the DVJ did not differ significantly for any of the tests (all P . .05) (Figure 4 ).
DISCUSSION
Our main finding was that there were no deficiencies in the reconstructed limb compared with the uninvolved limb on any of the functional performance tests. Furthermore, players with an ACL-reconstructed knee and controls differed only slightly on 2 of the tests: the 5JT (controls performed better) and the DVJ (controls had more valgus motion and a higher pKAM). Results at the group level indicated that players with an ACL-reconstructed knee performed in line with recommended guidelines. 15, 25, 38 Thus, these players seem to have restored their functional performance, as measured by the tests in our study. However, at the individual level, many knee-healthy controls and players with an ACL-reconstructed knee had side-to-side differences and movement asymmetries, which have previously been associated with an increased risk for primary 19 and secondary ACL injury 34 in female athletes. An unexpected result was that the kneehealthy controls had side-to-side differences and movement asymmetries to the same degree as the players with an ACL-reconstructed knee. This must be taken into consideration because young female soccer players have a high risk of sustaining an ACL injury.
In contrast with previous findings, 13, 21 controls in this study had greater knee valgus movement in the frontal plane measured with the DVJ test compared with players with an ACL-reconstructed knee (a median difference of 0.017 m). High valgus motion has been associated with an increased risk of sustaining a first-time ACL injury. 19 However, a recent study 21 showed that high valgus motion was only predictive for an ACL injury in elite handball and soccer players who had undergone a previous ACLR, and not for previously uninjured players. During postoperative rehabilitation, physical therapists regularly stress the .115 .043
Tuck jump (0-10) 5 (2.5; 1 to 9) 5 (2; 2 to 9) .359
a Values are reported as means 6 SD or medians (interquartile range; range). Bolded P values indicate statistically significant between-group differences. ACLR, anterior cruciate ligament reconstruction; DVJ, drop vertical jump; LSI, limb symmetry index; pKAM, probability of a high knee abduction moment; SEBT, Star Excursion Balance Test.
b LSI was calculated as (ACL-reconstructed limb/uninvolved limb) 3 100 or (nondominant limb/dominant limb) 3 100. importance of landing with toes and knees pointed forward, as well as during landing and takeoff in order to minimize knee valgus motion. Players with an ACL-reconstructed knee may thus have practiced landing techniques specifically, and they could also have been aware of the purpose of the test and therefore actively tried to avoid knee valgus motion. The tuck jump test is considered more demanding than the DVJ test because of its plyometric nature, 18 and the groups' results did not differ for tuck jump. However, almost one-half of the players had movement asymmetries on the tuck jump that scored outside recommended guidelines. This test is easier to perform in a clinical setting but must be assessed regarding its sensitivity in highlighting players at increased risk for ACL injuries. 18 Different tests and measurement approaches might also explain the conflicting results. Previous studies have often used sophisticated laboratory equipment such as the Biodex balance system, 36 force plates, 10,28,40 and 3-dimensional (3D) motion analysis. 10, 13, 21 Hence, the tests used in our study may not have been sensitive enough to detect existing between-group differences. Myer et al 27 reported good correlation between 3D and 2-dimensional (2D) analysis in frontal knee motion measurements, but 2D analyses in different settings could still have more sources of error. Variations in camera placement in the frontal plane and in landing technique (eg, landing with hip rotation or a small distance between feet) could result in measurement errors in knee motion, although we tried to minimize such errors by standardizing camera placements and data collection.
Various methods have been used to analyze knee motion in the DVJ test. 13, 19, 24, 26, 27, 33, 36 A clinic-based ACL injury prediction algorithm was used in our study, which reported knee motion in the frontal plane and pKAM. The median knee valgus motion in the frontal plane was 0.028 to 0.05 m, but with a wide range from 0.10 m in varus motion to 0.17 m in valgus motion. This is in line with previous studies reporting mean values of 0.021 to 0.041 m in frontal knee motion using 3D analysis. 21, 27 To our knowledge, landing with varus motion has not been discussed as a risk for sustaining an ACL injury.
Between-limb comparisons consistently showed no differences, with only a minimal difference for SEBT for the 
Percentage of all 154 players
Players with an ACL-reconstructed knee Controls Figure 4 . Percentage of players with an ACL-reconstructed knee (n = 77) and knee-healthy controls (n = 77) in the highest tertile (n = 51 of 154) of DVJ results, with knee motion and side differences in the frontal plane 0.065 m and 0.041 m, respectively, and a pKAM of 91%. ACL, anterior cruciate ligament; ACLR, anterior cruciate ligament reconstruction; DVJ, drop vertical jump; pKAM, probability of high knee abduction moment.
controls. This small difference (\0.01 m) is most likely not of clinical importance and is within the measurement error. Of the tests measuring postural control and hop performance, players with an ACL-reconstructed knee and controls differed only on the 5JT, which was the only test with worse results for players who had undergone an ACLR. The minimal clinically meaningful difference of the 5JT is unknown, and the mean difference of approximately 35 cm (4%) between groups is within recommended guidelines and may not be important. Side-to-side differences were mainly found in the most demanding tests: the side hop and tuck jump. Many individuals with an ACLreconstructed knee achieve an LSI .90% in hop tests within 1 year postoperatively, but more demanding tests such as the side hop may take up to 2 years to achieve an LSI .90%. 1 Similar to our results, Engelen-van Melick et al 13 reported no differences in the 1-legged hop for distance and side hop between healthy controls and patients with an ACL-reconstructed knee 2 to 7 years postoperatively. However, test batteries discriminate better between involved and uninvolved limbs than do single tests. 15, 41 In line with our results, many patients with an ACL injury or with an ACL-reconstructed knee have LSI values outside recommended guidelines when using test batteries. 2, 15, 41 Thus, different demanding tests measuring different qualities should be used in assessing players with an ACLreconstructed knee before RTS.
An LSI .90% is considered essential for successful RTS (ie, without decreased functional performance, risk for new injury, or developing knee osteoarthritis). 41 Of note, Pinczewski et al 37 reported that an LSI \90% on the 1-legged hop test at 1-year follow-up after ACLR predicted radiographic osteoarthritis at 10 years. Side-to-side asymmetries may increase injury risk to both limbs 36 ; therefore, we defined LSI values \90% and .110% as being outside recommended guidelines, instead of only \90% of the uninvolved leg. Guidelines recommend that patients achieve an LSI of 100% in strength and at least 90% in maximum and endurable hop tests before returning to contact sports, 41 but the upper limit is rarely discussed. Having an LSI above 110% may not be optimal either because the risk of sustaining a contralateral ACL rupture could be even greater compared with a rerupture. 35, 36 However, there is conflicting evidence regarding the validity of hop tests in terms of whether they can predict knee injuries. 17 A strength of this study is the homogeneous cohort of female soccer players with controls recruited from the same soccer teams as the players with an ACLreconstructed knee, in contrast with most studies that include a general population combining different sports, ages, and sexes. 30 The time point of RTS can vary greatly; therefore, we included players with a range of 6 to 36 months after ACLR. Functional performance increases with time after ACLR, 1 and we therefore performed a subgroup analysis of players with an ACL-reconstructed knee being 18 or .18 months after their ACLR. This gave similar results as the main analysis, with no differences between the reconstructed and uninvolved limbs. Only players who had returned to soccer and were currently playing were studied, so this study may not be extrapolated to soccer players who do not return successfully. As noted, 2D analyses have some limitations but also many advantages, including being easy to use, cost-effective, less time intensive, and applicable in a large setting. The tests were performed in different places on different surfaces and conditions, which could have influenced performance and absolute scores; however, the study purpose was to perform between-limb comparisons among players with an ACLreconstructed knee and controls, all tested in the same conditions. Finally, the convener and test leader (A.F.) was not blinded to group identity; however, to minimize measurement errors, the tests were performed by the same experienced test leader (A.F.), and all video analyses were performed by a single person with a master's degree in movement science who was blinded to group identity.
CONCLUSION
The ACL-reconstructed and uninvolved limbs did not differ on any of the functional performance tests in this study, and players with an ACL-reconstructed knee and controls differed only minimally. Results at the group level indicate that players with an ACL-reconstructed knee performed in line with recommended guidelines suggested in the literature. Thus, these players seem to have restored function, as measured by the tests in this study. However, many players who had an ACLR and controls at the individual level had side-to-side differences and movement asymmetries, which have previously been associated with an increased risk for primary and secondary ACL injury in female athletes.
